Coral mass-spawning represents a spectacular annual, short-term, fertilization event of many oligotrophic reef communities. The spawning event in 2005 at Heron Island, Great Barrier Reef, was followed by an intense bloom of benthic dinoflagellates. Within a day from the first observed spawning, the primary production of the water column and the benthic compartment increased by factors of 4 and 2.5, respectively. However, the phototrophic communities were intensively grazed by macrozoans, and after 4-5 d the net photosynthesis (P) returned to the pre-spawning background level. The heterotrophic activity (R) mirrored the phototrophic response: a short term of elevated activity was followed by a rapid decline. However, the net autotrophic microbial communities exhibited a marked increase in the P : R ratio just after coral mass-spawning, indicating a preferential phototrophic recycling of nutrients rather than a microbial exploitation of the release of labile organic carbon. The heterotrophic and phototrophic activity of the benthic community exceeded the pelagic activity by ,2-and ,5-fold, respectively, underlining the importance of benthic activity for coral reef ecosystem function. Mass balance calculations indicated an efficient recycling of spawn-derived nitrogen (N) and carbon (C) within the benthic reef community. This was presumably facilitated by advective solute transport within the coarse, permeable, carbonate sand.
Introduction
During a few days every year, most corals in the Great Barrier Reef (GBR) synchronically release their gametes into the ambient water. The event is mainly triggered by the lunar phase, although a number of other stimuli may affect the exact timing (Harrison et al. 1984) . The intensity of the mass-spawning event shows interannual variations, but typically .100 coral species participate in a concerted broadcast release of egg and sperm bundles that initially float to the water surface. The bundles soon disintegrate, and fertilized eggs develop into planula larvae that settle to the substrata after a few days. The mass-spawning strategy increases the probability of fertilization within species and probably lowers the overall predation level by swamping the predators in food (Hughes et al. 2000) . Several factors such as turbidity, temperature, salinity, water depth, and local hydrodynamics affect the fertilization and settling success, but the event represents a short-term nutrient and organic carbon enrichment of the entire reef community.
Coral reefs are highly productive ecosystems despite their oligotrophic setting. Reef waters of the GBR generally have dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) concentrations ,,1.0 mmol L 21 (Furnas et al. 1990; Ayukai 1993) , and the low pelagic primary production is generally nutrientlimited (e.g., Furnas et al. 2005) . The ecosystem production is typically dominated by benthic primary producers such as microphytic communities that take advantage of nutrients released during benthic mineralization, and the sandy sediments of reef flats can contribute a substantial proportion of total ecosystem primary production (Johnstone et al. 1990 ). Studies have indicated that nutrient addition can further stimulate benthic productivity (Heil et al. 2004 ), and convincing documentation shows that macrofauna-regenerated nutrients stimulate the benthic primary production (Uthicke and Klumpp 1998).
Coral mass-spawning represents a massive input of labile, energy-rich material to the reef, and spawn material forms slicks on the water and sediment surface and along shorelines of reef islands (Simpson et al. 1993; Wolanski et al. 1989) . The mass-spawning event is a feast for much of the reef fauna that consume the spawning material (Prachett et al. 2001; Westneat and Resing 1988) , and oxygen (O 2 ) depletion events associated with coral massspawning have been ascribed to intensified microbial metabolic activity (Simpson et al. 1993 ). The benthic O 2 uptake at the Heron Island reef flat increased by 2.5-fold (from a background level of ,90 mmol m 22 d 21 ) just after the mass-spawning event in 2001 (Wild et al. 2004a ). Subsequently the benthic O 2 uptake quickly declined and reached the background level within a period of 8-10 days. These observations indicated an extremely rapid microbialmediated benthic degradation of the spawn material (Wild et al. 2004a ). However, the biogeochemical response toward this annual ''fertilization'' of mass-spawning has only been sporadically studied. Through a number of in situ incubations, the current study evaluates, quantifies, and discusses the heterotrophic and autotrophic response of the pelagic and benthic communities during a massspawning event at Heron Island, GBR. Further, we evaluate the extent to which the released material, representing an important nutrition source, is recycled within the reef community or exported to the ambient sea. The present manuscript compliments another manuscript focusing on the nutrient dynamic during the same coral mass-spawning event (Eyre et al. 2008 ).
Materials and methods
Study site and sediment characteristics-All sampling and in situ measurements were performed during 20 November 2005-28 November 2005 at the inner reef flat off Heron Island at a distance of ,100 m from the shoreline (Fig. 1A) . A full moon was registered on 16 November 2005. Heron Island is situated at the southern end of the Great Barrier Reef, 72 km off Gladstone, Queensland, Australia, and the island covers roughly 1.5% of the 26.4 km 2 large local reef flat. The inner and central reef flats are a mosaic of coral clusters separated by patches of coarse carbonate sands. On average, ,85% of the surface area at the study site was covered by sand. The sediment porosity was determined at a depth resolution of 1 cm from the density and the weight loss after 24 h at 75uC of the respective sediment slices. The value at the sediment surface was 0.57 6 0.02 (vol : vol) (n 5 3) but gradually declined to 0.52 6 0.02 (vol : vol) (n 5 3) at a sediment depth of 10 cm. The sediment permeability at the onset of the study was measured by a constant head permeameter (Klute and Dirksen 1986) for the depth intervals of 0-5 cm and 5-10 cm and equaled 6.0 6 0.7 3 10 211 m 22 and 1.6 6 0.6 3 10 211 m 22 (n 5 4), respectively. The water depth followed the tidal cycle and varied between ,0.3 m and ,1.8 m. Due to a broken light sensor no light recordings were obtained, but the entire period was characterized by a clear sky without any cloud cover.
Chamber measurements and sample analysis-To measure the in situ benthic exchange rate, we deployed three parallel transparent custom-made Plexiglas chambers. The circular chambers had an inner diameter of 190 mm, a height of 330 mm, were stirred by a rotating disc with a diameter of 150 mm and a thickness of 10 mm, and were placed 5 cm below the chamber lid (Huettel and Gust 1992) . The internal water height during the respective incubations ranged between 19 cm and 24 cm (Fig. 1B) . Chambers were inserted at the sampling locations with lifted lids to ensure effective exchange with ambient water and were continuously stirred for 3 h before the incubations were initiated by lid closure at 21:00 h each day. The chambers were then sampled 5-7 times during the next 20 h, ensuring that solute concentration changes during both night and day were followed. Thus, the O 2 concentrations within the chamber typically varied between 90-450 mmol L 21 on a diurnal scale. These changes were similar to changes that were recorded in the ambient water column (see below). After each 20-h diurnal incubation the chambers were moved to a new location, and the incubation procedure was repeated. In total, measurements were performed for nine consecutive days, and all measurements were confined within an area of ,500 m 2 (see Fig. 1A ).
Most parallel deployments were performed with two chambers stirred at 40 rotations per minute (RPM) while one chamber was run in ''diffusive mode'', i.e., reversing the stirring direction at a time interval of 20 s ensuring a well-mixed water phase without the development of a stable pressure gradient (Janssen et al. 2005) . On a few occasions the three chambers were incubated at the ''diffusive mode'', 40 RPM and 80 RPM, respectively, to study the effect of increased sediment percolation for the benthic exchange rates. The continuous stirring of the chambers at the given water height induced a stable pressure gradient of 0.2 Pa dm 21 and 1.0 Pa dm 21 , respectively (Janssen et al 2005) . Given the initial sediment permeability, temperature, and salinity, the sediment percolation rates could thus be calculated at 43 L m 22 d 21 and 213 L m 22 d 21 , at 40 RPM and 80 RPM, respectively, using the procedure described by Janssen et al. (2005) and Cook et al. (2007) .
At each sampling event 100 mL of water was withdrawn from each chamber using two 50-mL presoaked (in situ water) plastic syringes. The water was replaced by ambient water through a valve in the chamber lid, diluting the incubating water by ,2%. The samples were used to determine the concentrations of O 2 , dissolved inorganic carbon (DIC), and nutrients. Only the O 2 and DIC data are reported here, while the handling, treatment, and results of the nutrient analysis are presented in the companion manuscript (Eyre et al. 2008) . At the end of most incubations, three samples (,2 cm 2 ) of surface sediment (0.0-1.0 cm) were collected using cut-off plastic syringes in each chamber to determine the benthic Chl a concentration. However, the flocculent microalgae cover was extremely difficult to sample without inducing resuspension and subsequent loss of phototrophic biomass, and the values must thus be regarded as minimum estimates.
During the first few sampling campaigns the O 2 concentration was determined in parallel by Winkler titration (Strickland and Parson 1972) and by the use of an optode-based O 2 sensor (Hach, LDO, HQ10). The data sets were inseparable (Fig. 2) , and thus the O 2 concentrations were only measured by the optode in the last half of the measuring campaign. Samples for DIC were stored in gastight Exitainers (Labco High Whycombe, UK) spiked with mercuric chloride (HgCl 2 ) until analysis. During analysis the samples were acidified and the carbon dioxide (CO 2 ) was carried by nitrogen (N 2 ) through an inferred gas analyzer (ADZ, Analytical Development Company, Hoddesdon, UK, 225, MK3, LTD). The Chl a samples were frozen at 220uC in acid-washed 10-mL polyethylene vials until extractions in 90% acetone and spectrophotometric determinations of the Chl a concentrations could be performed (Strickland and Parson 1972) .
Benthic exchange rates were calculated from the measured concentration changes, accounting for the sample dilution, the enclosed water volume, and the sediment area. Nighttime incubations integrated the activity from 21:00 h to 05:00 h, while daytime incubation integrated the period from 05:00 h to 18:00 h. Incubations of ambient water (see below) revealed that the activity of the overlying water during chamber incubations, on average, only accounted for 6% of the concentration changes observed during the chamber incubations.
Water column measurements-Water samples for nutrients and Chl a were collected 2-5 times each day in two 1-L acid-washed and -rinsed polyethylene containers. Treatment of nutrient samples and nutrient data are presented elsewhere (Eyre et al. in press ). The sampling volume was filtered through a glass microfiber filter (Whatmann GF/ F), and the filter was frozen for later determinations of Chl a concentrations. In addition to water sampling, temperature, salinity, and pH were measured in situ by a calibrated Q-10 multiprobe (Hydrolab), and the O 2 concentrations were measured by the handheld O 2 optode.
To measure pelagic net photosynthesis and respiration, 3-4 250-mL glass bottles of seawater were collected each day at sunrise, and the bottles were left suspended near the middle of the water column at the sampling site to incubate until sunset. Net photosynthesis was calculated from the measured increase in O 2 concentration. Parallel bottles wrapped in light-proof calico bags were used to quantify the respiration. Nighttime respiration was determined in a similar manner by initiating bottle incubations at sunset. Bottle breakage caused by swift tidal currents forcing the bottles against corals limited the number of incubations and replicates that could be performed. 
Results
Spawning and water-column observations-The first coral spawning in 2005 was observed during the night of 20 November. From direct in situ observation it was estimated that ,20% of the dominant acroporid corals (Montipora spp. and Acropora spp.) spawned that night, while the remaining ,80% of the specimens spawned the following night. Most of the massive corals (e.g., Platygyra daedalea) spawned the night of 22 November 2005, and a few specimens spawned the following night. The spawning event thus lasted 4 d, but it was most intense on the nights of 21 November 2005 and 22 November 2005. Initially, the released egg-sperm bundles floated to the water surface. Following the major nights of spawning, spawn material locally aggregated into massive slicks (Fig. 1C) . In some areas slicks covered the sediment, and it was observed that sinking spawn material percolated into the coarse sand due to tide and wind-induced forcing.
The shallow-water column did not express any stratification and was always well-mixed. Salinity remained at a constant value of 37.4 6 0.1 (n 5 35) during the entire study period, while the pH showed peak values of 8.4 around noon and minimum values of 7.8 at sunrise (data not shown), reflecting the net fixation and net release of inorganic carbon during daytime and nighttime, respectively. Water temperature at the inner reef expressed a diurnal variation of up to 5uC, regulated by the solar irradiance and the tidal exchange (Fig. 3) . Overall, there was a trend of increasing temperatures until 25 November 2005, where after temperatures stabilized. The O 2 concentrations exhibited an extensive diurnal variation primarily driven by the respiration and photosynthesis at the reef (Fig. 3C ). The O 2 concentration reached a minimum of 52 mmol L 21 (<25% saturation) on the night of 22 November 2005 and a maximum of 444 mmol L 21 (<223% saturation) the following day. The amplitude of the diurnal O 2 variation was moderate at the onset of our study (,200 mmol L 21 ), peaked shortly after the spawn event at 392 mmol L 21 , and subsequently expressed a gradual decline to 238 mmol L 21 on the last day of the study. In principle the O 2 -concentration changes of the water column integrate the pelagic and benthic activity and could thus be used to asses the integrated ecosystem activity. However, the large tidal amplitude and poor constraints on 1) water exchange between the reef flat and the surrounding channels and 2) the gas exchange between air-sea would compromise such an exercise.
The average net photosynthesis rate of the water column as integrated from sunrise to sunset reached a maximum of 5. The net photosynthetic activity measured during the daytime more than balanced the nighttime respiration, and the water column thus remained net autotrophic during the entire study period. The Chl a content of the water column gradually increased during the entire measuring period (Fig. 4C) .
From the data presented in Figs. 3 and 4 it is apparent that the pelagic activity could not account for the diurnal variations observed in the O 2 concentration of the water column. At maximum the pelagic photosynthesis could (Fig. 5A) . The net photosynthesis increased by a factor of ,2 on the second day after the spawning event, a level that was maintained for four consecutive days before it declined to the original values (Fig. 5A) . The nighttime O 2 -consumption rate mirrored this development, but O 2 uptake was not stimulated to the same extent as the daytime net photosynthesis rate (Fig. 5B) . The benthic community was net autotrophic during the entire study period, and the net photosynthesis : net respiration ratio (P : R) was ,2 at the beginning and end of the study, but ranged between 2.5 and 3.5 during the five central days of the study (Fig. 5B) .
The stimulated phototropic activity was associated with a dense olive-green cover on the sediment surface that was intensively grazed by fish and holothurians (see Fig. 1D ). On-site microscopic investigations revealed that the benthic bloom was dominated by a dinoflagellate, presumably a Prorocentrum sp., even though some pennate diatoms also were encountered. Unfortunately, the benthic Chl a was first quantified for 22 November 2005 (i.e., two days after the initial spawning), but the maximum value of 15.2 mg Chl a m 22 was reached on 25 November 2005. Thereafter the values gradually declined to a minimum of 11.1 mg Chl a m 22 on the last sampling day (data not shown), a trend that probably proceeded after the measuring campaign. The values for benthic microphytic biomass must be regarded as minimum estimates because the loose flocculent dinoflagellate cover was very difficult to sample without any resuspension and subsequent loss.
The chambers stirred at 40 RPM consistently gave higher benthic O 2 -exchange rates than the chambers stirred in the diffusive mode (Fig. 5A) . This was most explicit during daytime and in the beginning and end of the study period when the benthic net-photosynthesis was at its minimum (Fig. 6) . During 26 November 2005 the sediment was still covered by a layer of benthic dinoflagellates, and increased stirring only marginally stimulated the net photosynthesis during the day; changing the diffusive stirring mode to 80 RPM only enhanced the net photosynthesis rate by 24% (246-305 mmol m 22 d 21 ) . The corresponding value for the nighttime respiration was 29% (86-113 mmol m 22 d 21 ). However, on 27 November 2005 the visual dinoflagellate cover had gone, and the absolute O 2 exchange rates were lower but were markedly stimulated by increased stirring especially during daytime (Fig. 6B) In parallel to the O 2 exchange rates we also determined the DIC exchange rates. In general the temporal dynamics mirrored the O 2 fluxes, but the scatter was higher (Fig. 7A) . On average the DIC uptake was 1.30 6 0.11 times larger than the O 2 release during daytime, while the DIC release during nighttime was 1.57 6 0.37 times larger than the O 2 uptake. Deviation from a 1.0 ratio presumably reflects a combination of incomplete reoxidation of reduced inorganic components arising during anaerobic mineralization and carbonate dissolution contribution to the DIC exchange (see below). The mismatch was largest when the absolute exchange rates were high (Fig. 7B ).
Discussion
Microbial heterotrophic activity during coral spawningBenthic microbially-mediated heterotrophic activity is an important component in the recycling of material on coral reefs (e.g., Clavier and Garrigue 1999; Rasheed et al. 2004 ). Most reef flats are dominated by coarse, permeable, carbonate sand, and advection induced by wave action, tidal currents, or differences in water level between reef lagoons and surrounding channels ensures benthic entrapment of particulate material and efficient supply of oxygen for benthic degradation processes (Huettel et al. 1996; Werner et al. 2006; Huettel et al. 2006) . Mucus released by corals represents a significant fraction of the benthic carbon input in reef communities, and it acts as an important ''energy carrier'' by scavenging the water column for particulate material before being filtered into the seabed (Wild et al. 2004b,c; Huettel et al. 2006 ). The total benthic O 2 uptake (TOU) expresses a proxy for the integrated benthic mineralization rate (e.g., Canfield et al. 1993) , and rates measured on coral reef flats are often similar or even higher (Johnstone et al. 1990; Clavier and Garrigue 1999; Wild et al. 2005 ) than values from similar water depths in eutrophicated systems (Wild et al. 2005; Cook et al. 2007 , and references therein). Measurements from darkened chambers deployed in the daytime in Shark Bay at Heron Island (Fig. 1A) (Werner et al. 2006 ). Further, this study concluded that aerobic respiration dominated the benthic mineralization and was the most important O 2 consuming process in the reef sediments (Werner et al. 2006 ).
In the present study, the nighttime background respiration prior to spawning at moderate stirring (40 RPM) was intermediate to the values measured in Shark Bay [72 6 5 mmol m 22 d 21 (n 5 4)] and confirms that the benthic O 2 uptake is substantial despite the oligotrophic setting. However, the TOU increased after the mass-spawning and remained at a plateau of 106 6 6 mmol m 22 d 21 (n 5 8) for 4-5 consecutive nights (22 Nov 05-26 Nov 05) before returning to the base level. Integrating the elevated benthic . Negative values indicate uptake and error bars represent the range for the two chambers and were, in one instance, smaller than the symbol size. The grey bars indicate the spawning intensity as described in Fig. 3. (B) The mean O 2 netproduction plotted against the mean DIC uptake for the stirred benthic chambers incubated during daytime for the respective days. The best linear regression fitted to the data is included.
O 2 consumption (TOU -background level) and assuming that this increase reflects stimulated heterotrophic activity, that the respiratory quotient (RQ) is 1.0, and that respiration during the daytime and nighttime are similar, the elevated benthic O 2 -consumption rate corresponds to the mineralization of 2.0 g C m 22 . Using the TOU rather than just the fraction exceeding the background level, the total benthic mineralization for this period amounts to 6.4 g C m 22 . Despite careful inspection, no macrofauna was observed during any chamber incubations, and the benthic activity is mainly ascribed to microbial carbon turnover even though meiofauna could have contributed slightly. Sediment-trap data from the inner reef flat resolved an average vertical POC transport rate of 7.8 g C m 22 (Table 1 ) obtained during the same period (calculated from Wild et al. 2008) , which corresponds to the total benthic heterotrophic activity. In general, parallel trap deployments suggested a relatively even distribution of sediment material at the reef flat (Wild et al. 2008) .
In principle, the DIC exchange rate should reflect the net mineralization, including equivalents from the anaerobic degradation not being oxidized. Previous studies of coral mucus degradation at Heron Island reflected benthic DIC : O 2 exchange ratios of 1.5-1.8, and the discrepancy from a 1.0 ratio was ascribed to a transient accumulation of reduced sulfur compounds leaving little room for contributions from concurrent carbonate dissolution (Wild et al 2004b) . We attempted to quantify the calcium carbonate (Ca 2+ ) exchange rate during our chamber incubations in order to asses any potential contribution from carbonate dissolution, but on a variable background .1 mmol L 21 we where not able to resolve any net exchange of Ca 2+ (data not shown). Although we cannot exclude any carbonate dissolution, the net DIC and TOU exchange rates will bracket the benthic carbon turnover. Applying the DIC exchange rates, the elevated activity corresponded to the mineralization of 4.4 g C m 22 , and the total DIC exchange in the equivalent period was 10.8 g C m 22 . Taken together, the benthic exchange rates suggest a very efficient recycling of spawning or spawning-derived material during the study period.
The heterotrophic activity in the water column peaked during the first night of intense spawning and exhibited a gradual decline during the study period. The background level of respiration in the water column was not wellconstrained, but it appeared to have been very low (,0.4 mmol L 21 h 21 ). Integrating the pelagic O 2 consumption rate from the 22 November 2005 to 26 November 2005 (accounting for the water depth and rates measured during both daytime and nighttime, Fig. 4B) , it corresponded to the mineralization of 3.0 g C m 22 (equivalent to 28-47% of the total benthic activity of 6.4-10.8 g C m 22 ).
During the mass-spawning event at the Heron Island reef in 2001 it was estimated that a total of 310.0 kg of C and 18.0 kg of N were released into the ambient water in the form of coral eggs (Wild et al. 2004a) . If all of this remains on the reef, it roughly corresponds to an average of 11.7 g C m 22 and 0.7 g N m 22 for the entire reef area of 26.4 km 2 . The sum of the entire elevated heterotrophic activity as inferred from the O 2 consumption rates in the water column and the benthic DIC-O 2 exchange during the period from 22 November 2005 to 26 November 2005 corresponds to the mineralization of 5.0-7.4 g C m 22 . Assuming that the spawning event in 2005 occurred on the same scale as the spawning event in 2001, the heterotrophic activity of the water column and the sediment thus corresponds to the degradation of 26% and 17-38% (a total of 43-64%) of the carbon released as coral eggs, respectively (Table 1) .
The results from our chamber incubations performed during the nighttime align with the observations of Wild et al. (2004a) . During a study in Shark Bay (Fig. 1A) in 2001, they observed a rapid 2.5-fold increase in the benthic O 2 consumption rate that gradually approached the background level ,9 d after the first spawning was observed. They concluded that the elevated benthic activity corresponded to 490 mmol O 2 m 22 , equivalent to 5.9 g C m 22 or 50% of the carbon released as coral eggs. (Note that the authors in the original manuscript did a miscalculation and thus concluded that the benthic activity only corresponded to 0.2% of the carbon release as coral eggs [Wild et al. 2004a] .) No independent assessment of the water-column activity was performed during this study, and the darkenedchamber incubations were performed during the daytime.
To the extent that the two study sites are representative for the Heron Island reef flat in general, the two investigations imply an efficient microbially-mediated benthic and pelagic recycling of spawning-related OC at the reef flat. The microbial diagenetic activity is abruptly and markedly stimulated just after coral spawning, and the elevated metabolism corresponds to a significant fraction of the estimated release of spawning material.
The simplified approaches described above entirely ascribe the elevated heterotrophic activity to degradation of spawning material and thereby ignore a potential for increased respiration following stimulated photosynthesis. In fact, both the sediment and the water column remained net-autotrophic during the entire study period and the benthic P : R ratio reached an elevated plateau of 2.5-3.0 during 22 November 2005-26 November 2005. This suggests that a fraction of the elevated heterotrophic activity measured during nighttime (or in darkened chambers) can be ascribed to enhanced respiration of the accumulation phototrophic biomass or a stimulated prokaryotic respiration following increased leakage of photosynthesates. This would imply a preferential phototrophically-mediated recycling of nutrients rather than microbial exploitation of the bulk of OC released during coral spawning.
Stimulation of phototrophic activity-The benthic netphotosynthesis rates measured prior to coral spawning were in the high end of reports from coastal settings (e.g., Cahoon 1999; Glud et al. 2002; Jahnke et al. 2000) but comparable to the relatively few available measurements from coral reefs ( Table 2) . This activity was, however, markedly stimulated after the spawning event. During five consecutive days after 22 November 2005 the net photosynthesis rate was 281 6 15 mmol m 22 d 21 (n 5 7), ranking among the highest measurements performed in reef settings ( Table 2 ). The daytime, benthic, net-photosynthetic activity for the period 22 November 2005-26 November 2005 integrates to 8.4 g C m 22 , while the corresponding value for the water column is 1.7 g C m 22 . The total net photosynthesis for the two compartments is 10.1 g C m 22 . In addition, due to occasional formation of gas bubbles in some chambers, the benthic rates must be regarded as minimum values because the O 2 present in bubbles was not accounted for in the exchange measurements. The relatively good balance of 1.30 6 0.11 between DIC and O 2 exchange rates, an expression of the photosynthetic quotient (PQ), does, however, suggest that this problem was of minor importance.
These values underline the importance of benthic primary production in reef communities. Note that these are net rates and thus include the daytime respiration of the two compartments. The gross rates may have been substantially higher, but are difficult to access. Even though it is a common procedure to estimate gross primary production by simply adding the activity of incubations performed in darkened chambers and bottles to incubations performed in light, the approach severely underestimates gross production by not accounting for the light-stimulated respiration (Epping and Jørgensen 1996; Fenchel and Glud 2000) . Microsensor studies have revealed that respiration in light-exposed benthic phototrophic communities exceed nighttime respiration by a factor of at least 1.4-1.8 (Fenchel and Glud 2000 and references therein) . Elevated O 2 consumption during the daytime may be even more pronounced in permeable systems where advection can transport the O 2 produced along the sediment surface deep into otherwise anoxic sediment layers (Precht et al. 2004) . The benthic exchange rates may also be affected by the short-and long-term variations in the in situ temperature to some extent. Temperature affects many of the factors regulating the benthic O 2 -exchange rate (i.e., water viscosity, solubility, biological activity). In general, increasing temperatures shift benthic phototrophic communities toward a stronger heterotrophy response as O 2 -consuming processes are stimulated more than photosynthesis with increasing temperature (Hancke and Glud 2004) . This indicates that the stimulated autotrophic response following spawning potentially could have been even higher had it not been for the concurrent temperature increase (Fig. 3B) . However, it is a complicated task to ascertain the temperature effect from the in situ benthic metabolic response.
Accounting for the nighttime respiration, the phototrophic activity corresponded to a net accumulation of benthic phototrophic biomass on the order of 5.2 g C m 22 during the period from 22 November 2005 to 26 November 2005, and the corresponding value for the water column was 1.3 g C m 22 . Indeed the pelagic phototrophic biomass increased 2-6 fold during the study, as facilitated by the increase in Chl a. However, due to a lack of pre-spawn data we have no measurement of the increase in benthic phototrophic biomass. Nevertheless, the benthic biomass was also intensively grazed by fish and holothurians, a heterotrophic activity not included in our chamber (or bottle) incubations. We have no means to discriminate between the O 2 consumption related to mineralization of freshly produced phototrophic biomass and the degradation of spawn-related material, but benthic dinoflagellates do appear to be an important component in the nutrient recycling following coral mass-spawning. Some insight can, however, be gained by evaluating the N-mineralization flux and the C : N ratio of the potential sources of organic material (see Eyre et al. 2008) .
Coral eggs have a relatively high C : N ratio of 16-21 (Wild et al. 2004a ), but the mass-spawning event still must have enhanced the pool of available nutrients which presumably induced the benthic bloom of dinoflagellate developing just after the event began. Phosphorus was apparently not a limiting factor at any time due to a large bioavailable benthic phosphorus pool (Eyre et al. 2008 ). The bloom was most likely dominated by a Prorocentrum sp. (as evaluated by on-site microscopic investigations) that apparently took advantage of nutrients release by mineralization of the spawning material. However, mixotrophy is common among dinoflagellates, including Prorocentrum spp. that can complement their nutritional needs by assimilating of organic material (Jacobson and Anderson 1996; Stoecker et al. 1997 ). In Prorocentrum minimum the feeding behavior is seen as a mechanism for obtaining limiting nutrients rather than a supplementation of their carbon nutrition (Stoecker et al. 1997) . Thus initial bacterial degradation of organic carbon might not have been necessary to facilitate the N demand of the dominant benthic phototroph. We speculate that the blooming organism rapidly exploited the available PON and DON pools and that the net surplus of N facilitated enhanced growth and photosynthesis.
Importance of advective porewater transport-Despite high nutrient and DIC levels in sediments, these compounds may become limiting in dense microphytobenthic communities due to diffusion limitations (Glud et al. 1992; Dalsgaard 2003) . However, in permeable sediment the solute transport rate may be enhanced by orders of magnitude due to advection (Precht and Huettel 2003) . Recent investigations have documented that advection can relieve DIC limitation of benthic microphytes in permeable silicate sand (Cook and Røy 2006) . In the present study sediment percolation consistently resulted in higher O 2 exchange rates. Without a dense microphytobenthic cover, the net photosynthesis rate gradually increased up to 2.6 fold as the stirring was shifted from ''diffusive'' to percolation rates of 43 L m 22 d 21 and 213 L m 22 d 21 , respectively. This clearly indicated that continuous advection was required to maintain the high photosynthetic activity. Given that the sediment present consisted of carbonate sand, the stimulation was most likely associated with an enhanced N supply. The nighttime respiration was also enhanced by sediment percolation, and this can be ascribed to stimulated O 2 transport to the deeper sediment layers. Increased stirring also enhanced the O 2 exchange rates during the benthic dinoflagellate bloom where competition for nutrients was presumably higher; the response was, however, markedly lower. This was most likely caused by reduced sediment permeability during the bloom impeding the advective porewater transport. However, despite several attempts, we were not able to sample sediment cores with an intact microphytobenthic cover, and thus no trustworthy permeability measurements could be made during this phase of the study. Nevertheless, advection appears to be important in sustaining the high benthic activity of the reef flat, but without concurrent increase in grazing pressure the process may to some extent be transiently counteracted by the accumulation of microbial biomass clogging up the filter capabilities of the sand.
Like most studies on permeable sand, it is difficult to evaluate the in situ porewater percolation rates at the reef flat and compare them to the percolation rates induced by the chamber incubations especially because the permeability of the reef flat, wind, tide, and wave forcing changed during the study. We have, however, applied the same chamber configurations as most reliable benthic exchange studies conducted in silicate and carbonate sands (Cook et al 2007 and references therein (Precht et al. 2004) , and 50-100 m 22 d 21 (Precht and Huettel 2003) . Future investigations should be required to assess in situ porewater percolation especially at coral reefs.
Coral reefs represent highly productive ecosystems in oligotrophic settings and thus rely on an efficient nutrient recycling. Several nutrient addition experiments on coral reefs have been performed, but opposing conclusions on the microphytic response towards fertilization have been made (e.g., Koop et al. 2001; Furnas et al. 2005) . Coral mass-spawning on the Great Barrier Reef represents a short-term natural fertilization event, and the present study concludes that this markedly stimulated the primary productivity. Benthic exploitation of the released nutrients led to a distinct bloom of dinoflagellate that was grazed intensively by the macrozoans. The heterotrophic activity was stimulated partly by the intensified primary production and partly by the labile carbon released during the massspawning event. Advection apparently facilitated the benthic turnover of both carbon and nutrients, and a significant fraction of the released spawning products were recycled within the reef flat area.
